Expression and regulation of nonsteroidal anti-inflammatory drug–activated gene (NAG-1) in human and mouse tissue by Kim, Kyung Su et al.
Expression and Regulation of Nonsteroidal Anti-inflammatory
Drug–Activated Gene (NAG-1) in Human and Mouse Tissue
KYUNG–SU KIM,* SEUNG JOON BAEK,* GORDON P. FLAKE,‡ CHARLES D. LOFTIN,§
BENJAMIN F. CALVO, and THOMAS E. ELING*
*Laboratories of Molecular Carcinogenesis, ‡Experimental Pathology, and §Environmental Carcinogenesis/Mutagenesis, National Institute of
Environmental Health Sciences, National Institutes of Health, Research Triangle Park; and The University of North Carolina, Lineberger
Comprehensive Cancer Center, Chapel Hill, North Carolina
Background & Aims: Nonsteroidal anti-inflammatory
drugs (NSAIDs) induce NSAID-activated gene 1 (NAG-1),
which has proapoptotic and antitumorigenic activities.
However, NAG-1 expression and its relationship with
apoptosis in human and mouse intestinal tract have not
been determined. Methods: NAG-1 expression in human
and mouse tissue was determined by immunohisto-
chemistry, and apoptosis was estimated by in situ apo-
ptosis detection. Apoptosis in NAG-1 overexpressing
HCT-116 cells was examined with flow cytometry after
cell sorting by green fluorescence protein. NAG-1 regu-
lation in mouse cells was examined by Northern blot
analysis, comparing sulindac-treated and nontreated
mice. Results: Apoptosis was higher in NAG-1 overex-
pressing cells compared with controls. Human NAG-1
protein was localized to the colonic surface epithelium
where cells undergo apoptosis, and higher expression
was observed in the normal surface epithelium than in
most of the tumors. This localization and lower expres-
sion in tumors was similar to that in the Min mouse, in
which NSAIDs were also shown to regulate the expres-
sion of NAG-1 in mouse cells. Sulindac treatment of
mice increased the NAG-1 expression in the colon and
liver. Conclusions: Based on these results, we propose
that NAG-1 acts as a mediator of apoptosis in intestinal
cells and may contribute to cancer chemoprevention by
NSAIDs.
Members of the transforming growth factor (TGF)-superfamily are associated with cell proliferation,
apoptosis, differentiation, extracellular matrix formation,
and immunosuppression.1 Importantly, the TGF- su-
perfamily members are potent growth suppressors, and
their activities include induction of cell cycle arrest in
late G1, apoptosis, and expression of cell adhesion mol-
ecules.2
Considerable evidence indicates that the use of non-
steroidal anti-inflammatory drugs (NSAIDs) reduces the
mortality of colorectal cancer.3–6 Previously, we reported
that some NSAIDs stimulate apoptosis in cultured hu-
man colorectal cancer cells and enhance the expression of
a novel TGF- superfamily gene, which we termed
NSAID-activated gene 1 (NAG-1).7 The stimulation of
NAG-1 expression and apoptosis was independent of
cyclooxygenase (COX) inhibition and was, in general,
observed at higher concentrations of NSAIDs than re-
quired to inhibit COX. Among NSAIDs we tested,
sulindac sulfide was the most effective agent and induced
NAG-1 in human colorectal cancer cells at concentra-
tions less than 10 mol/L,7 in the same range of plasma
concentrations reported in patients receiving sulindac,
the pro-drug for sulindac sulfide.8 NAG-1 has a sequence
identical to that of placental transforming growth factor
beta,9–11 macrophage inhibitory cytokine 1,12 and bone
morphogenetic protein.13 The biological properties are
not fully characterized, but NAG-1 arrests cell growth,
has proapoptotic activity as measured in cells in cul-
ture,10,11 and has antitumorigenic activity as determined
in the nude mice model.7 NAG-1 could play a role in
apoptosis of colorectal epithelial cells and in tumor sup-
pression by NSAIDs, but its expression and relationship
with apoptosis in human colorectal tissue has not been
determined.
Mouse models for colorectal tumors are frequently
used to study the role of COX-2 in tumor development
and tumor regression by NSAIDs.3,14,15 The genes of
murine and rat growth/differentiation factor 15 (GDF15)
were identified16,17 and characterized.18 Murine GDF15
gene is closely related to human NAG-1,18 but the tissue
distribution is different for human and mouse tis-
sues.16,17 In this report, we designated GDF15 as mouse
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NAG-1. Sequence comparison between human and
mouse NAG-1 promoter in the 700–base pair region
revealed a 39% homology.19 Thus, it is possible that
human and mouse NAG-1 may be regulated in different
ways. However, the effect of NSAIDs on the expression
of mouse NAG-1 has not been studied. If the mouse
NAG-1 shows similar regulation to human NAG-1, the
data obtained from mouse studies could be useful.
Thus, important questions are as follows: Is NAG-1
expressed in human colorectal tissue and if expressed,
what is the cellular localization? Is the expression linked
to apoptosis? Furthermore, because NAG-1 is known to
have proapoptotic and antitumorigenic activities, we sus-
pect that NAG-1 expression would be less in tumors
compared with adjacent normal tissue. Finally, if the
regulation and expression of mouse NAG-1 is compara-
ble with human results, then mouse models could be
useful to study NAG-1 in NSAID-mediated tumor sup-
pression. In this report, we have attempted to provide
answers to these questions.
Materials and Methods
Reagents and Cell Lines
pEGFP-N2 and anti-green fluorescence protein (GFP)
monoclonal antibody were purchased from Clontech Laboratories,
Inc. (Palo Alto, CA). Two polyclonal rabbit anti-human NAG-1
antibodies were used. One described previously was used for
human cells and tissue.7 The second was a generous gift from Dr.
Vishwas Paraklar (Pfizer Inc., Groton, CT) and was used for
mouse studies. Monoclonal anti–proliferating cell nuclear antigen
(PCNA) antibody was obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Streptavidin-conjugated fluorescence dye
(Alexa Flour 633) was purchased from Molecular Probes (Eugene,
OR). TACS Annexin V-biotin kit and apoTACS in situ apoptosis
detection kit was obtained from Trevigen, Inc. (Gaithersburg,
MD). Vectastain rabbit/mouse ABC Elite kit and DAB substrate
kit for peroxidase were purchased from Vector Laboratories (Bur-
lingame, CA). Indomethacin, piroxicam, and sulindac were pur-
chased from Sigma Chemical Co. (St. Louis, MO), sulindac sulfide
was from Biomol Research Laboratories, Inc. (Plymouth Meeting,
PA), and celecoxib was provided by Monsanto (St. Louis, MO).
Human colorectal carcinoma cells, HCT-116 from ATCC (Rock-
ville, MD), were maintained in McCoy’s 5A medium supple-
mented with 10% fetal bovine serum and gentamicin. Mouse
rectal carcinoma cells, CMT-93 from ATCC, were maintained in
high glucose (4.5 g/L) Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal bovine serum and gentamicin.
Immunohistochemistry and In Situ
Apoptosis Detection
For immunostaining of human tissue, 25 surgically
resected colorectal tumor samples and matched adjacent nor-
mal tissues were obtained from the University of North Caro-
lina. The tissues were obtained with the approval of the
University of North Carolina and National Institute of Envi-
ronmental Health Sciences local boards governing research on
human subjects. These paired tissue samples were fixed in 10%
neutral formalin, processed routinely, and embedded in paraf-
fin. Sections were cut at 4-m thickness and deparaffinized
with xylene. Endogenous peroxidase activity was blocked by a
10-minute incubation in 3% H2O2 in methanol followed by a
30-minute incubation in 2% milk and 0.2% Triton X-100 in
phosphate-buffered saline (PBS) at room temperature. The
following steps were performed with the Vectastain Elite ABC
peroxidase kit according to the manufacturer’s protocol. Non-
specific binding was blocked with diluted normal blocking
serum in PBS for 20 minutes at room temperature followed by
incubation in rabbit anti–NAG-1 antibody (diluted 1:5000)
overnight at 4 °C. As a negative control, preimmune serum
was used. The next day, sections were rinsed 3 times in PBS for
5 minutes at room temperature, incubated in a biotinylated
goat anti-rabbit IgG for 30 minutes at room temperature, and
developed with 3,3-diaminobenzidine substrate kit according
to the manufacturer’s instructions (Vector Laboratories). The
immunostained slides were examined by light microscopy.
NAG-1 immunostaining of Min (C57BL/6J-Min/) mice
slides, provided by Dr. Robert Langenbach (NIEHS), was
accomplished by the same method as the human tissue.
For in situ detection of apoptosis, terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate nick-end la-
beling (TUNEL) assay was performed. The deparaffinized
slides were treated with proteinase K for 15 minutes and
endogenous peroxidase activity was blocked by 5 minutes of
incubation in 3% H2O2 in methanol. Cleaved DNA fragments
were labeled with bromodeoxyuridine at the 3 ends using
terminal deoxynucleotidyl transferase, and they were detected
with biotinylated anti- bromodeoxyuridine antibody and
streptavidin–horseradish peroxidase. Diaminobenzidine was
used as a chromogen and counter-staining was done using 1%
methyl green. As a negative control of apoptosis, PCNA
staining was performed using anti-PCNA monoclonal anti-
body (1:200).
Scoring System
For semiquantitative assessment of NAG-1 immuno-
staining, we modified the conventional method of H-score.20
Immunostained sections were picked up randomly and blindly
and examined under high power (40), and the intensity of
staining was scored as 0, 1, 2, and 3 corresponding to the
presence of negative, weak, intermediate, and strong brown
staining, respectively. The percentage of cells staining at dif-
ferent intensities was determined, and the following formula
was applied: H-score  (% of cells stained at intensity score
1)  2 (% of cells stained at intensity score 2)  3 (% of
cells stained at intensity score 3). An H-score of zero indicates
absence of staining, whereas a score of 300 indicates that 100%
of the cells are strongly stained. The H-scores of normal
mucosal surface epithelium and tumors were analyzed using
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the Wilcoxon signed rank test. Statistical significance was
assumed if the P value was 0.05.
Cloning and Characterization of NAG-1–GFP
NAG-1 full-length cDNA containing the entire cod-
ing region7 was amplified with primer pair containing EcoRI or
KpnI restriction site (underlined): 5 primer 5-GGAATTC-
CAACCTGCACAGCCATGCCCGGG-3 and 3 primer 5-
CCGGGGTACCCCCCTATGCAGTGGCAGTCTTTG-3. The
PCR product was digested with EcoRI and KpnI, and ligated
into EcoRI–KpnI sites of pEGFP-N2. The sequence of this
ligated clone (pNAG1-GFP) was verified by sequencing anal-
ysis. HCT-116 cells were plated at 1  106 cells/plate in
10-cm plates, incubated for 16 hours, and then transfected
with pNAG1-GFP or pEGFP-N2 vector using lipofectamine
(Life Technologies, Grand Island, NY) according to the man-
ufacturer’s protocol. After 48 hours, all cells including the
floating cells in culture plate were harvested, washed with
PBS, stained with propidium iodide (PI) and annexin V-
biotin, and then stained with streptavidin-conjugated Alexa
633 dye. At least 10,000 cells were counted using Becton
Dickinson FACSVantage SE (San Diego, CA) equipped with
CellQuest software (San Diego, CA). HCT-116 cells trans-
fected with pNAG1-GFP or pEGFP-N2 were sorted first to
obtain GFP-expressing cells, and this population was further
analyzed. Annexin V positive/PI positive cell population and
Annexin V positive/PI negative cell population were deter-
mined as apoptotic cells from the total gated cells. The exper-
iment was triplicated and the result was described as mean 	
SD.
Northern and Western Blot Analysis
When reaching 60%–80% confluence in 10-cm
plates, CMT-93 cells were treated at various concentrations of
NSAIDs for 24 hours in the absence of serum. The NAG-1
induction was measured by Northern blot analysis. Briefly,
total RNAs were isolated using TRIzol reagent (Life Technol-
ogies, Gaithersburg, MD) according to the manufacturer’s
protocol. Ten micrograms of total RNA was denatured at
55°C for 15 minutes and separated in a 1.2% agarose gel
containing 2.2 mol/L formaldehyde and transferred to Hy-
bond-N membrane (Amersham Pharmacia Biotech, Piscat-
away, NJ). After fixing the membrane by UV, blots were
prehybridized in ULTRAhyb hybridization solution (Ambion
Inc., Austin, TX) for 1 hour at 55°C, followed by hybridiza-
tion with full-length mouse NAG-1 cDNA labeled with
[
-32P]-deoxycytidine triphosphate by random primer exten-
sion (DECAprime II kit; Ambion). After 4 hours of incubation
at 55°C, the blots were washed once with 2 standard saline
citrate/0.1% SDS at room temperature and twice with 0.1
standard saline citrate/0.1% sodium dodecyl sulfate (SDS) at
55°C. Messenger RNA abundance was estimated by intensities
of the hybridization bands of autoradiographs using Scion
Image (Scion Corporation, Frederick, MD). Equivalent loading
of RNA samples was confirmed by hybridizing the same blot
with 32P-labeled -actin probe that recognizes RNA of ap-
proximately 2 kilobase.
For Western analysis using tissue culture cell lysates,
HCT-116 cells cultured for 48 hours after transfection were
washed with PBS, scraped in 1 mL of radioimmunoprecipi-
tation assay buffer (1% NP-40, 0.5% sodium deoxycholate,
and 0.1% SDS). The cell lysates were centrifuged at
10,000g for 20 minutes at 4°C and the supernatants were
subjected to Western blot. For the tissue samples, 100 –
500 mg of each sample were crushed with a pestle and
mortar in a liquid nitrogen bath and transferred to a plastic
tube on ice. After the addition of 5 volumes of ice-cold 50
mmol/L Tris-HCl (pH 7.4), containing 1 mmol/L EDTA,
the samples were homogenized by Polytron (Brinkmann
Instrument, Westbury, NY) at 4°C. The homogenate was
centrifuged at 10,000g for 10 minutes at 4°C, and the
supernatants were used for Western blot analysis.
Protein concentration was determined by the bicinchonic
acid protein assay with bovine serum albumin as a standard.
Proteins (30 g) were separated by 15% SDS–polyacrylamide
gel electrophoresis and transferred onto a nitrocellulose mem-
brane. The blots were blocked with 10% skim milk in TBST
(10 mmol/L Tris [pH 8.0], 150 mmol/L NaCl, and 0.05%
Tween 20) at 4°C overnight and probed with anti–NAG-1
antibody (1:5000 in 2% skim milk in TBST) or anti-GFP
antibody (1:1000 in 2% skim milk in TBST) for 4 hours at
room temperature. After washing, the blots were treated with
horseradish peroxidase– conjugated secondary antibody diluted
1:5000 in TBST for 1 hour and washed several times. En-
hanced chemiluminescence (Amersham Pharmacia Biotech)
and autoradiography were used for detection.
Animal Study
C57BL/6Ntac mice (female, 7 weeks old) (NCI/Tac-
onic) were used and were checked daily for signs of distress or
anemia. Mice were randomly divided into sulindac-treated and
nontreated mice and maintained separately for 1, 2, and 4
weeks. Each group consisted of 3 mice and their body weight
was checked before and after the treatment. Sulindac, 320 mg,
was dissolved in 9.5 mL of polyethylene glycol 200 (Fluka
Chemical Co., Milwaukee, WI) and 0.5 mL of Tween-20
(Sigma Chemical Co.), and this solution was diluted into 2 L
water (final concentration, 160 parts per million [ppm]). As a
control, water containing polyethylene glycol 200 and
Tween-20 without sulindac was used. Drinking water was
changed and the consumed amount was measured twice a
week. At the end of each experimental period, the mice were
euthanized by CO2, and stomach, small intestine, colon, and
liver were removed separately, immersed immediately in liq-
uid nitrogen, and stored at 80°C until use. To analyze
NAG-1 expression, poly (A) RNA was extracted with Oligotex
mRNA Mini kit (Qiagen Inc., Valencia, CA) according to
manufacturer’s protocol and 1 g of poly (A) RNA was
analyzed by Northern blot analysis.
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Results
Localization of NAG-1 Protein in Human
Colorectal Tumor and Normal Tissue
NAG-1 protein expression and localization in
human colorectal tumor and normal tissue was examined
by immunohistochemistry using 25 matched pairs of
tissues. Thirteen pairs were from males and 12 were from
females. The degree of differentiation, tumor localiza-
tion, histology, and Duke’s stage are described in Table
1. The tumors included 2 villotubular adenomas and 23
adenocarcinomas (2 of which were mucinous) ranging
from well to poorly differentiated. In normal colon mu-
cosa, NAG-1 protein expression was generally limited to
the surface epithelium and the most superficial layers of
the mucosal crypts in continuity with the surface epi-
thelium (Figure 1A ). The intensity of staining of the
surface epithelium was variable from one mucosal spec-
imen to another. However, the expression of NAG-1
protein was not detected in the major portion of the
mucosal crypts (Figure 1A ). Thus, NAG-1 expression
was confined to the surface epithelium, the region in
which apoptosis occurs and was not seen in the crypts
where cells are dividing.21,22 In contrast to normal tissue,
the expression of NAG-1 was minimal or not detected in
the majority of the colorectal tumors (Figure 1B). As a
negative control, tissue stained with preimmune serum
showed no positive staining (Figure 1C ).
Comparison of NAG-1 Protein Expression in
Tumor and Adjacent Normal Tissue
The expression of NAG-1 protein in tumor and
adjacent normal colonic mucosal surface epithelium was
estimated by immunohistochemistry using the H-score sys-
tem as described in Materials and Methods. The range of
H-scores extended from a maximum of 200 to an absence of
immunostaining or H-score of zero (Table 1). Inspection of
the data obtained from the paired samples indicated that the
expression of NAG-1 was frequently lower in the tumors
compared with the adjacent normal mucosal surface epithe-
lium. Higher expression of NAG-1 was observed in 13
(cases 1–13) of 25 (52%) normal mucosa compared with the
paired tumors, expression was equal in 9 (cases 14–22)
(36%) paired samples, and higher expression was observed
in 3 (cases 23–25) (12%) tumors compared with the paired
adjacent normal mucosa. Figure 2A shows the distribution
for the expression of NAG-1 protein estimated by the
H-score, suggesting that the expression of NAG-1 is lower
in the tumor tissue when compared with the paired normal
mucosal surface epithelium. The tumors expressed approx-
imately one third of NAG-1 expression observed for normal
mucosal surface epithelium. The H-scores of normal mucosa
Table 1. Clinical Characteristics and H-Score for NAG-1 Expression
Case Age (yr) Sex Differentiation Location Histology Duke’s Stage
H-score
Normal Tumor
1 66 M Moderately Sigmoid colon Adenocarcinoma B2 200 1
2 77 F Poor Sigmoid colon Adenocarcinoma B2 160 90
3 72 F Moderately Sigmoid colon Adenocarcinoma A 100 1
4 63 F Moderately Sigmoid colon Adenocarcinoma C2 100 5
5 67 F Mod/poor Sigmoid colon Adenocarcinoma C2 100 11
6 75 M Sigmoid colon Villotubular adenoma B2 94 0
7 83 F Moderately Sigmoid colon Adenocarcinoma B2 90 1
8 55 F Cecum Villotubular adenoma A 85 1
9 65 F Well Sigmoid colon Adenocarcinoma A 70 1
10 80 M Moderately Sigmoid colon Adenocarcinoma A 80 5
11 77 M Moderately Sigmoid colon Adenocarcinoma C2 70 5
12 75 M Well Ascending colon Adenocarcinoma B2 70 1
13 81 F Moderately Cecum Adenocarcinoma B2 60 1
14 68 M Moderately Sigmoid colon Adenocarcinoma A 110 90
15 63 M Moderately Rectum Adenocarcinoma A 100 100
16 57 F Well Sigmoid colon Adenocarcinoma B2 99 100
17 52 F Moderately Sigmoid colon Adenocarcinoma C2 60 50
18 59 M Mod/poor Rectum Adenocarcinoma C2 40 45
19 76 M Poor Sigmoid colon Adenocarcinoma B2 30 5
20 64 M Mod/poor Sigmoid colon Adenocarcinoma C3 10 20
21 82 F Moderately Sigmoid colon Mucin. adenoca. D 5 5
22 71 F Moderately Ascending colon Mucin. adenoca. C3 1 1
23 70 M Moderately Rectum Adenocarcinoma B2 42 90
24 42 M Moderately Transverse colon Adenocarcinoma B2 1 32
25 73 M Moderately Sigmoid colon Adenocarcinoma B2 1 70
Mod/poor, Moderately to poorly differentiated; Mucin. adenoca., mucinous adenocarcinoma.
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and tumors were analyzed, and a significant difference be-
tween the tumors and the adjacent normal tissue was ob-
served using the Wilcoxon signed rank test (P  0.05). In
addition, a limited number of samples were available in
sufficient amount to analyze by Western analysis. As seen in
Figure 2B, in 3 pairs the NAG-1 expression was higher in
the adjacent normal tissue compared with the tumor. In the
other 3 pairs of NAG-1, expression was not detectable or
very limited, and comparison between tumors and normal
tissue was not possible. The results with Western analysis
are in general agreement with the data from immunohis-
tochemistry.
Š
Figure 1. Immunohistochemistry for NAG-1 expression in colorectal
tumor and adjacent normal tissue. Paraffin-embedded sections of
colorectal tumor and adjacent normal tissue were stained with poly-
clonal rabbit anti–NAG-1 antibody using the avidin-biotin complex
method. (A) In normal colon, brown-colored NAG-1 staining of normal
colon tissue is noted in mucosal epithelium, and this staining is
limited to the surface epithelium and the most superficial 2 or 3 layers
of the crypt in continuity with the surface epithelium. (B) The paired
tumor tissue in this patient shows only focal areas of weak reaction.
(C) In the negative control stained with preimmune serum, no immu-
noreactivity is observed. Original magnification 66.
Figure 2. Comparison of NAG-1 protein expression in tumor and
adjacent normal tissue. (A) Distribution of H-score for NAG-1 in paired
colon tumors and normal tissue. The H-scores of 25 paired colon
tumors and surface epithelium of normal mucosa were determined by
the method described in Materials and Methods, using polyclonal
rabbit anti–NAG-1 antibody. The bars in the graph represent the mean
value of H-score. The mean H-score of surface epithelium of normal
mucosa is 71.12 and that of tumor is 29.24. The statistical difference
between H-scores of tumor and normal mucosal surface epithelium
was determined by the Wilcoxon signed rank test, and significant
difference was noted (P  0.05). (B) Western analysis of NAG-1
expression in paired colon tumors and normal tissue. Samples of
tissue were resuspended in 50 mmol/L Tris-HCl (pH 4), containing 1
mmol/L EDTA, and the samples were homogenized by Polytron (Brink-
mann Instrument, Westbury, NY) at 4°C. The homogenate was cen-
trifuged at 10,000g for 10 minutes at 4°C, and the supernatants (30
g) were used for Western blot analysis. Each pair, left to right, was
obtained from case numbers 5, 7, 24, 6, 21, and 22, respectively, as
reported in Table 1.
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NAG-1 Protein Expression and Apoptosis in
Normal Human Colon
To confirm that NAG-1 protein expression is
associated with apoptotic cells in intestinal tissue, we
carried out both TUNEL assay and NAG-1 immuno-
staining in the serial sections. As shown in Figure 3C,
TUNEL assay–positive or apoptotic cells were found in
the colonic mucosal surface epithelium and necks of the
crypts, but not in the deep portion of the crypts where
PCNA immunostaining was noted (Figure 3D). In the
negative control stained with preimmune serum, no im-
munoreactivity was observed (Figure 3A ). NAG-1 pro-
tein expression was observed in this apoptotic region, but
was not detected in the deeper portions of the crypts
lacking apoptotic cells (Figure 3B). Therefore, NAG-1
expression seemed to correlate with colonic cells under-
going the process of apoptosis.
Overexpression of NAG-1 Increases
Apoptosis in HCT-116 Cells
To confirm the proapoptotic function of NAG-1
in human colorectal cancer cells, we overexpressed
NAG-1 in HCT-116 cells and measured their apoptosis.
GFP was used for a sorting marker of transfected cells.
The NAG-1–GFP fusion protein expression vector
(pNAG1-GFP) or GFP expression vector (pEGFP-N2)
was transiently transfected into HCT-116 cells. To de-
termine whether transfected cells produce intact protein,
Western blot analysis was performed. The size of GFP is
27 kilodaltons, immature NAG-1 protein (pre-propep-
tide) is 35 kilodaltons,7,23 and NAG-1–GFP fusion pro-
tein is calculated to be 62 kilodaltons. As shown in
Figure 4A and B, Western blot analysis showed that
HCT-116 cells transfected with pNAG1-GFP expressed
the fusion protein of NAG-1 and GFP that reacts with
Figure 4. Increased apoptosis in NAG-1 overexpressing cells. NAG-1–GFP fusion protein expressing vector (pNAG1-GFP) or GFP expression vector
(pEGFP-N2) was transiently transfected to HCT-116 cells and cultured for 48 hours in the presence of serum. The protein production of
transfected cells was confirmed by Western blot analysis using (A ) anti-GFP or (B) anti–NAG-1 antibody. (C ) For the assessment of apoptosis,
the cells were harvested and stained with PI and annexin V-biotin and then streptavidin-conjugated Alexa 633 dye. The stained cells were first
sorted for GFP, and these GFP-positive cells, which express either GFP or NAG-1–GFP, were further analyzed using flow cytometry. Apoptosis is
represented by the fold increase in this population of pNAG1-GFP over the population of pEGFP.
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anti–NAG-1 and anti-GFP antibodies. On the other
hand, in HCT-116 cells transfected with pEGFP-N2
vector, only GFP was identified. It suggested that
NAG-1 protein was highly expressed in pNAG1-GFP–
transfected HCT-116 cells and, in both transfected cells,
GFP could be used as a sorting marker of transfected
cells.
Culturing 48 hours after transfection, apoptosis in
GFP-positive cells was measured by flow cytometry.
NAG-1–overexpressing cells showed 1.84 	 0.15-fold
increase in apoptosis compared with the vector-trans-
fected cells (Figure 4C ). Thus, expression of NAG-1 in
HCT-116 cells increased apoptosis, which was consistent
with our previous reports that NAG-1 has a proapoptotic
activity.7
Expression of NAG-1 in CMT-93 Cells
and Min Mice
To determine whether NAG-1 expression in
mouse colorectal cancer cells is regulated by NSAIDs as
occurred in a human colorectal cancer cell line, the
mouse rectal cancer cell line, CMT-93, was incubated
with various NSAIDs. Among the drugs tested, indo-
methacin, piroxicam, and sulindac sulfide induced mouse
NAG-1 expression, but sulindac and celecoxib did not
(Figure 5). This result was in accordance with our pre-
vious report on NSAID-induced NAG-1 expression in
HCT-116 cells.7
To examine mouse NAG-1 protein expression in in-
testinal tumors, the intestinal tract of Min mice was
immunostained. In the negative control stained with
preimmune serum, no immunoreactivity was observed
(Figure 6A ). Normal small intestinal epithelium showed
intense expression of mouse NAG-1 protein that was
evident along the surface epithelium of the villi but not
detectable in the crypts (Figure 6B). This expression
pattern was similar to that observed in human tissue. In
tumor tissue, the expression was heterogeneous, but gen-
erally the intensity was less than that of normal tissue
(Figure 6B). Thus, mouse NAG-1 protein was also ex-
pressed in the mouse intestinal epithelial cells and sig-
nificantly less mouse NAG-1 protein expression was
observed in intestinal tumors.
Increase in Mouse NAG-1 Expression After
Sulindac Treatment
Because the expression and regulation of mouse
NAG-1 was similar to that of humans, mice could be
used as an animal model to study NSAID-induced ex-
pression of NAG-1. We used sulindac, which is metab-
olized into the active metabolite, sulindac sulfide,4,24 a
potent NAG-1 inducer7 and an intestinal tumor suppres-
sor in Min mice.3,15,24,25 A concentration of 160 ppm in
the drinking water was selected because this concentra-
tion is commonly used to reduce tumor formation in
mouse intestinal tissue.3,15,24 There was no difference in
body weight or in the amount of drinking water con-
sumed between sulindac-treated and untreated groups
(data not shown). To measure mouse NAG-1 expression,
poly (A) RNA was isolated and subjected to Northern
analysis. The mouse NAG-1 expression in colon tissue
showed a 1.4-fold increase in sulindac-treated mice com-
pared with untreated mice at 4 weeks (Figure 7A ). In
liver, where mouse NAG-1 expression was reported to be
high,18 sulindac-treated mice showed a time-dependent
increase in mouse NAG-1 expression with maximum
expression at 4 weeks of treatment (Figure 7B). However,
we could not detect NAG-1 expression in stomach and
small intestine, as assessed by Northern analysis (data not
shown).
Discussion
NAG-1 is a newly identified member of the
TGF- superfamily that only shares 25% sequence iden-
tity to other family members.7 The biological activity of
NAG-1 is not fully characterized, but it seems to have
various functions. For example, NAG-1 induces cartilage
and bone formation and suppresses inflammation by
inhibiting macrophage activation.12,26 Other reports pro-
vide some clues of antitumorigenic and proapoptotic
activities.7,10,11 In this study, we confirmed the apoptotic
Figure 5. Effect of various NSAIDs on mouse NAG-1 expression in
CMT-93 cells. CMT-93 cells were treated with indicated concentra-
tions of indomethacin (INDO), piroxicam, celecoxib, sulindac, and
sulindac sulfide (s. sulfide) for 24 hours in the absence of serum, and
total RNA was extracted. Northern blot analysis using the mouse
NAG-1 (mNAG-1) probe or -actin probe was performed. Levels of
1.5-kilobase mouse NAG-1 transcripts were normalized to the levels
of relevant -actin transcripts and are expressed relative to that of
control (0.2% dimethyl sulfoxide) treatment.
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Figure 3. Apoptosis and NAG-1 expression in normal human colorectal tissue. Serial sections of normal human colorectal tissues were subjected
to TUNEL assay or immunostaining with anti–NAG-1 antibody. (A) In the negative control stained with preimmune serum, no immunoreactivity is
observed. (B) NAG-1 staining is positive in surface epithelium and negative in the crypts. (C) Apoptotic cells examined by TUNEL assay show
brown color, and this apoptosis is manifest in surface epithelium and the necks of crypts, but not in the deep portion of crypts. This staining
pattern coincides with NAG-1 staining. (D) In PCNA staining, nonapoptotic nuclei (arrow) are positively stained in the deep portion of crypts.
Original magnification: A–C, 132; D, 66.
Figure 6. NAG-1 immunostaining of tumor and normal intestine in Min mouse. Paraffin-embedded sections of intestinal tumor and adjacent
normal tissue of Min mice were stained using polyclonal rabbit anti–NAG-1 antibody with the avidin-biotin complex method. (A) In the negative
control stained with preimmune serum, no immunoreactivity is observed. (B) In normal intestinal epithelium (N), NAG-1 is stained as a brown
color, and this staining is evident along the villi but not detectable in the crypts. In tumor (T), the heterogeneous staining of NAG-1 is observed,
but in general, the intensity of staining is less than the normal mucosa. Original magnification 33.
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ability of NAG-1 using GFP as a sorting marker of
transfection. GFP requires no substrate, but it fluoresces
simply in response to ultraviolet or blue light.27 Proteins
can be fused to either the C- or N-terminus of GFP
without inhibiting fluorescence, and then GFP is widely
used as a marker for gene expression.23,28 Thus, we
thought that sorting of the transfected cells by GFP
might be more accurate than the method used in our
previous report in which we examined apoptosis using a
pooled population of NAG-1 overexpressing cells.7
NAG-1 expression in human tissue has not been fully
examined, but expression has been observed in prostate,
colon, and kidney, in addition to a very high expression
in placenta, as estimated by Northern analysis.26 In this
report, we show that NAG-1 is expressed in normal
human colorectal epithelial cells. The immunoreactivity
in normal colonic mucosa was limited to the cytoplasm
of surface epithelial cells and there was no expression in
the crypts. Furthermore, the expression is limited to
regions in which the epithelial cells are undergoing
apoptosis, as observed with the TUNEL assay. Thus, the
cellular location and proapoptotic activity of NAG-1
suggest a potential role for NAG-1 in the apoptosis
observed in normal intestinal epithelium.
Because NAG-1 was reported to exhibit antitumori-
genic properties,7 one would predict a decrease in its
expression in tumors. We observed a reduced NAG-1
expression in most of human colorectal tumors compared
with the adjacent normal mucosal surface epithelium. A
similar decrease in expression was seen in Min mouse
intestinal polyps. This lowered expression of NAG-1 in
tumor is also seen in prostate cancer,29 but it is not clear
why NAG-1 expression is down-regulated in the tumors.
One possible mechanism is an altered TGF- signal
transduction observed in colorectal and prostate can-
cer.30–32 In these tumors, TGF- receptor or bone mor-
phogenetic protein receptor was revealed to be down-
regulated or not functioning, and then TGF-
superfamily cytokines were less expressed.30–32 But, until
now, the receptor or transduction pathway of NAG-1 has
not been revealed and further study on this is needed.
Another possible explanation is the relationship with
tumor suppressor gene, p53. NAG-1 expression seems to
be complex but can be regulated by the p53 tumor
suppressor gene.10,11 NAG-1 is the most notable p53-
induced gene, as determined in a recent investigation
using cDNA array technology,33 and may be relevant in
50% of all cancers but cannot fully explain the decreased
expression in human adenoma or in Min mice because
these early stage tumors, in general, lack p53 mutations.
However, the incidence of p53 mutations in human colo-
rectal cancer is generally estimated at 28%–50%.34–36
The importance of apoptosis in the development of
human colorectal cancer has received considerable atten-
tion. Colorectal cells with high expression of COX-2 can
be resistant to apoptosis,37 whereas treatment with
NSAIDs enhances apoptosis.3,24 Some evidence supports
the hypothesis that the effect of NSAIDs on apoptosis is
mediated by inhibition of COX, but one additional
mechanism seems to be an increase in the expression of
NAG-1.7 For some NSAIDs, this increased expression of
NAG-1 occurs at concentrations higher than required for
inhibition of COX. However, sulindac sulfide does in-
duce NAG-1 in human colorectal cells at physiological
concentrations.7 Therefore, the increase in NAG-1 with
its proapoptotic and antitumorigenic properties could
provide an additional mechanism for explaining the in-
duction of apoptosis by NSAIDs in cultured cells, and
may also provide a new direction for understanding the
antineoplastic activity of NSAIDs.
The mouse models for intestinal tumorigenesis have
been very useful in investigating the inhibition of tumor
formation by NSAIDs and other anticancer agents.3,15,24,25
However, the mouse NAG-1 and human NAG-1 genes
Figure 7. In vivo mouse NAG-1 induction by sulindac. C57BL/6Ntac mice were fed with or without 160 ppm sulindac in drinking water for 1, 2,
and 4 weeks. Poly (A) RNAs of colon and liver were extracted and analyzed by Northern blot analysis. Levels of the 1.5-kilobase mouse NAG-1
transcript were normalized to the levels of -actin transcripts and are represented to the normalized transcript level of 0 day treatment. The
transcript level of sulindac-treated mice is divided by that of sulindac-untreated mice in each treatment time point and is represented as a fold
increase. C indicates 5 g of total RNA of 100 mol/L piroxicam-treated CMT-93 cells, whereas V and S indicate RNA samples from
vehicle-treated mouse and from sulindac-treated mouse, respectively.
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are significantly divergent, showing 39% homology in
their promoter sequence.19 The tissue distribution of
NAG-1 expression in humans and mice is very different.
The human NAG-1 gene is highly expressed in placenta,
but not in the liver,26 whereas the mouse NAG-1 is
highly expressed in the liver, but not in the placenta.18
Thus, it is important to determine if the regulation of
NAG-1 and its expression is similar in the intestinal
tract of mice and humans. Our study suggests that
NSAIDs, potent NAG-1 inducers in human cells, are
also potent inducers in mouse cells. Furthermore, in the
Min mouse, mouse NAG-1 protein was expressed in the
intestinal epithelial cells and was down-regulated in
tumor tissue. These results suggest that mouse NAG-1
may be comparable to human NAG-1, and that the
results of mouse studies can be applied to humans.
Furthermore, sulindac, which is effective in the treat-
ment of human familial polyposis, increased the expres-
sion of NAG-1 in mice at a dose that inhibits tumor
development.3,4,15 This finding provides evidence that
increases in NAG-1 expression by NSAIDs do occur in
vivo as well as in cell culture.
The findings presented here raise the possibility that
NAG-1 may play a role in regulating the apoptotic
events involved in the renewal of intestinal epithelial
cells. The localization of NAG-1 in the region where
epithelium undergoes apoptosis supports this hypothesis.
In addition, an increase in NAG-1 expression by
NSAIDs could be one mechanism by which COX inhib-
itors exert their antitumorigenic activity.
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